Objective: To study the impact of endogenous testosterone levels in community-dwelling men on later risk for myocardial infarction (MI) and all-cause, cardiovascular disease (CVD), and ischemic heart disease (IHD) mortality. Design: Population-based prospective cohort study. Methods: For the analyses, we used a cohort of 1568 randomly selected men, with sex-hormone data participating in the fourth Tromsø Study (1994)(1995). Defined end points were first-ever MI (fatal or nonfatal), all-cause, CVD, and IHD mortality. A committee performed thorough ascertainment of end points, following a detailed protocol. Complete ascertainment of end points was until 30 September 2007 for all-cause mortality, until 31 December 2005 for CVD/IHD mortality, and until 31 December 2004 for first-ever MI. The prospective association between total and free testosterone and end points were examined using Cox proportional hazard regression, allowing for multivariate adjustment for age and cardiovascular risk factors. Results: During follow-up, there were 395 deaths from all causes, 130 deaths from CVD and 80 deaths from IHD, while 144 men experienced a first-ever MI. There was a significant increase in all-cause mortality risk for men with free testosterone in the lowest quartile (!158 pmol/l) compared with the higher quartiles after age adjustment hazard ratios (HR 1.24, 95% confidence interval, CI 1.01-1.53) and after multivariate adjustments (HR 1.24, 95% CI 1.01-1.54). Total testosterone was not associated with mortality risk. Likewise, there were no significant changes in risk for first-ever MI across different total or free testosterone levels. Conclusion: Men with free testosterone levels in the lowest quartile had a 24% increased risk of all-cause mortality.
Introduction
Men experience a gradual decrease in testosterone levels from the age of 30 and onward (1) . Male ageing and male hypogonadism share many common traits, and the use of testosterone supplementation for male well being, as a potential fountain of youth, is increasing (2) . This is in spite of limited knowledge on benefits and long-term safety, as a large randomized controlled trial (RCT) on long-term effects of testosterone supplementation has never been conducted. The primary concerns with supplementation, namely prostate cancer and cardiovascular disease (CVD; although the latter was more a concern under the estrogen-protection orthodoxy), have not been justified by epidemiological studies. On the contrary, higher physiological testosterone levels are now receiving attention as a beneficial modulator of known cardiovascular risk factors (3) . However, in prospective population-based studies, low testosterone levels have not been associated with an increased risk of coronary events (4) (5) (6) (7) (8) (9) , and for a long time, observational studies failed to reveal significant associations between low testosterone levels and mortality. Within the last year, two reports from large prospective studies were published demonstrating that men with lower testosterone levels had a higher risk of death from all-cause and CVD mortality (10, 11) . It was suggested that the lack of associations reported from earlier studies attributed to small study samples and low accuracy in the measurement of sex hormones.
Our aims were to study the impact of endogenous sex hormone levels in men on later risk for myocardial infarction (MI) and death from all-cause, CVD, and ischemic heart disease (IHD), in a cohort from the fourth Tromsø Study. We hypothesized that lower testosterone levels in community-dwelling men would be associated with a higher risk for MI, and an increased risk for death.
Materials and methods

Study population
The Tromsø Study is a population-based prospective study with repeated health surveys, primarily focusing on cardiovascular and other chronic diseases. The population of the fourth Tromsø Study (1994) (1995) is described in detail previously (12) . From the fourth Tromsø Study, data on sex hormones were available on a randomly selected subsample of 1579 men. Eleven men had serum testosterone levels !0.5 nmol/l, indicating biochemical or surgical castration and were excluded, leaving 1568 men to be used for analysis of all-cause, CVD, and IHD mortality. For analysis of incident MI, 1318 men were available after exclusion of 246 men with self-reported and/or known MI before the baseline examination and four men who had moved from the area.
Definition and ascertainment of end points
The outcomes were as follows: first-ever fatal or non-fatal MI (for simplicity first-ever MI in the following), all-cause, CVD, and IHD mortality.
Acute coronary events were categorized according to clinical presentation, electrocardiographic changes, levels of myocardial biomarkers, and, if applicable, results of coronary angiography, echocardiography, and/or autopsy. Assessment of the cardiovascular morbidity end points was performed by an end-point committee based on medical records from the University Hospital of North Norway, the only hospital serving the Tromsø population, and event ascertainment followed a detailed protocol. The Norwegian Registry of Vital Statistics provided information on death and emigration. Causes of deaths were obtained from the Causes of Death Registry at Statistics Norway. All possible events, including possible out-of-hospital fatal MIs, strokes, and sudden deaths, were reviewed according to the event protocol by examining medical records, death certificates, and autopsy records.
Data on all-cause mortality were obtained from The Norwegian Registry of Vital Statistics, while data on CVD (ICD-9: 390-458, 250, 795, 798 and ICD-10: I00-I99, R96, R98, R99) and IHD (ICD-9: 410-414 and ICD-10: I20-I25) mortality were obtained from the Causes of Death Registry at Statistics Norway. Complete assessment of end points was until 31 December 2004 for first-ever MI, until 31 December 2005 for mortality from CVD and IHD, and until 30 September 2007 for all-cause mortality. For assessment of incidence of firstever MI, the individual was censored on the registered date of migration, emigration, or death. For assessment of all-cause mortality, mortality from CVD, and mortality from IHD, the individual was censored on the registered date of emigration (migration status not necessary for end-point ascertainment of mortality since this was based on a national registry).
Baseline characteristics
Height and weight were measured in standing subjects wearing light clothing without shoes. Waist circumference was measured at the umbilical line according to written protocol. Body mass index (BMI; kg/m 2 ) was calculated. Blood pressure was recorded with an automatic device (Dinamap Vital Signs Monitor, Critikon Inc., Tampa, FL, USA) by specially trained personnel. Non-fasting blood samples were drawn between 0800 and 1600 h. Serum total cholesterol and triglycerides were analyzed by enzymatic colorimetric methods with commercial kits (CHOD-PAP for cholesterol and GPO-PAP for triglycerides; BoehringerMannheim). Serum high-density lipoprotein (HDL) cholesterol was measured after precipitation of lower density lipoprotein with heparin and manganese chloride.
Self-administered questionnaires that included information about smoking habits, physical activity, medical history, and use of anti-hypertensive and lipid-lowering drugs were completed and checked by trained nurses.
Sex hormones
Serum samples from 1994 were analyzed for sex hormones in the autumn of 2001. All samples were stored frozen at K70 8C until they were first thawed in 2001. The determination of total testosterone, estradiol (E 2 ), and sex hormone-binding globulin (SHBG) was performed on Immulite 2000 (Diagnostic Product Corp., Los Angeles, CA, USA). The intraand interassay coefficients of variation for the analyses were between 5 and 10%. Free testosterone values were calculated from total testosterone and SHBG using a fixed albumin concentration according to Vermeulen et al. (13) .
Statistical analysis
Normal distribution was assessed by skewness and histograms. E 2 and triglycerides were not normally distributed, but assumed normal distribution after log transformation. When analyzed as continuous variables, the log value was used. Age-adjusted partial correlations were used for analysis of associations between baseline variables and sex hormones. The prospective associations between sex hormones and end points were examined using Cox proportional hazard regression. Sex hormones were modeled both as continuous variables with hazard ratios (HR) for 1 S.D. increase in hormone level, and as quartiles based on the entire population sample, with the lowest quartile used as the reference category. For all-cause mortality, total and free testosterone was also examined as dichotomous variables comparing the lowest quartile to the three higher. Free testosterone was also assessed as decentiles in order to identify a possible threshold effect for change in risk for all-cause mortality. For all regression analyses, two models were evaluated: one with adjustment only for age; and the other with multivariate adjustments including waist/hip ratio, HDL/cholesterol ratio, systolic blood pressure, current smoking, and self-reported diabetes. The ratios (waist/hip ratio and HDL/cholesterol ratio) were preferred over other measures of obesity and lipid status, as they are better predictors of MI (14), while vigorous physical activity did not associate with any of the end points in univariate models, and hence were not included as a potential confounder.
As testosterone could be a marker of prevalent cardiovascular (or other) disease, all analyses were repeated after exclusion of those who had an event during the first 2 years of follow-up, intending to account for potential subclinical prevalent disease at baseline that may have affected testosterone levels and then led to false prospective associations.
The proportional odds assumption was examined using log-minus-log plots, and the assumptions were met by all models. A P value !0.05 was considered statistically significant, and all P values presented are two tailed. The SPSS statistical software version 15.0 (SPSS Inc., Chicago, IL, USA) for windows was used for all analyses.
Ethics
The study protocol was approved by the Regional Committee for Medical and Health Research Ethics, North Norway, and informed consent was obtained from all the participants.
Results
Testosterone and baseline characteristics
The baseline characteristics are presented in Table 1 . Age-adjusted partial correlations for total and free testosterone with covariates are also presented in Table 1 . Both total and free testosterone was inversely correlated with age, but the correlation with free testosterone was much stronger than with total testosterone. Total testosterone was correlated with cardiovascular risk factors in a favorable manner for BMI, waist circumference, HDL-cholesterol, triglycerides, HbA1c, systolic blood pressure, and diastolic blood pressure in an unfavorable manner for total cholesterol. The correlations with risk factors and free testosterone were generally weaker, but when significant, they were in the same direction as with total testosterone. Mean total and free testosterone levels were significantly higher in smokers and in men with a history of CHD. Diabetics had significantly lower total (but not free) testosterone. Testosterone levels did not differ by status of CVD or vigorous physical activity. Adjusted HR of endogenous sex hormones by 1 S.D. increase in hormone level for all-cause, CVD, and IHD mortality are presented in Table 2 , and there were no significant associations. The analyses were repeated by quartiles of sex hormones, and HR for all-cause mortality are presented in Table 3 . There were no significant differences in HR across quartiles, although there was a tendency towards a larger number of deaths from all causes in the lower quartiles of total and free testosterone. When dichotomized (Table 4) , there was a significant increase in all-cause mortality risk for men in the lowest quartile of free testosterone compared with the higher quartiles, HR 1.24 (95% CI 1.01-1.54), after adjustment for age, smoking, diabetes, HDL/cholesterol ratio, and waist/hip ratio. This finding was only borderline significant, HR 1.25 (95% CI 0.98-1.57), after exclusion of those who died within the first 2 years of follow-up. All findings regarding mortality were substantially unchanged after exclusion of men younger than 50 years old. As shown in Fig. 1 , there were fewer deaths from all-cause mortality with increasing decentiles of free testosterone. Figure 2 shows the multiadjusted HR for all-cause mortality with increasing decentiles of free testosterone with the lowest decentile as the reference category. No threshold effect of free testosterone is apparent from the figure.
Sex hormones and mortality
Sex hormones and first-ever MI
During an average 9.1 year follow-up (12 089 person years), 146 of the population sample experienced a firstever MI, an incidence rate of 12.1 per 1000 person years. Table 5 shows age-and multiadjusted HR for incident cases of first-ever MI by continuous increase per S.D. or quartiles of sex hormones, with the lowest quartile as the reference. For any hormone presented, there was no significant change in risk for MI by 1 S.D. increase in hormone level or by different quartiles of hormone level compared with the lowest quartile. Repeated analyses after exclusion of men younger than 50 years old did not change the results. 
Discussion
In this population-based study, men with free testosterone levels in the lowest quartile were 24% more likely to die than men with higher levels, a finding that remained significant after multivariate adjustments. We found no significant predictive value of any sex hormone on the risk of death from CVD or IHD, nor on the incidence of first-ever MI. The results were unchanged after exclusion of men younger than 50 years. Our finding of increased mortality with lower free testosterone is in accordance with recent reports by Laughlin et al. from the Rancho Bernardo study (10) and by Khaw et al. from the EPIC-Norfolk study (11) , although their findings were more robust with stronger risk estimates, and with significant associations also with CVD mortality, the latter also including IHD mortality. Maggio et al. (15) reported increased mortality risk when pooling several hormones (testosterone, DHEA, and insulin-like growth factor-1) in the lowest quartile, while Shores et al. (16) reported an increase in mortality risk with lower testosterone levels in a retrospective study of male veterans. As compared with our study, the studies by Laughlin et al. and Khaw et al. had considerably older populations (mean age 71 and 67 years respectively) and a larger proportion of cases. In the population studied by Laughlin et al. with 529 cases compared with our 398, significant increase in risk for all-cause and CVD mortality was only significant when comparing the lowest quartile of total and bioavailable testosterone with the higher quartiles. In the population studied by Khaw et al. with 825 cases, significant reduction in risk for death from all causes and from CVD was found in the third and fourth quartile of total testosterone compared with the lowest, but they found no significant prediction of mortality in stratified analyses of men !65 years old. Furthermore, they also predicted IHD mortality only when comparing the lowest with the highest quartile of testosterone. Our study adds evidence about the strength of the impact of free and total testosterone on later risk of morbidity and mortality, in the sense that it contributes to show that large (and rather old) populations with many cases are necessary for differences in later morbidity and mortality across hormone levels to become significant. And furthermore, the influence of testosterone levels may increase with ageing.
While Laughlin et al. demonstrated a tendency towards a threshold effect of lower total testosterone levels on later mortality, this was not apparent in our study.
After exclusion of those who died within the first 2 years of follow-up, the increased risk of death with lower free testosterone levels was only borderline significant in our study, but with a similar risk estimate. One might question that the significant result in the first place is partly due to the contribution from men with subclinical disease at baseline and therefore lower testosterone levels, which died later.
We did not find any significant association between any sex hormone and first-ever MI in the present study. There was, however, a clear tendency towards more MI in the lowest quartile of total and free testosterone. Possibly, the present study with 144 cases of first-ever MI is not sufficiently powered to detect a very slight increase in risk of MI with testosterone levels in the lowest quartile. Nevertheless, previous studies on the prospective relationship between testosterone and MI have also largely reported negative results (4-9). Smith et al. reported increased risk of incident IHD with increased cortisol/testosterone ratio (as an indicator of chronic stress) in the Caerphilly study (17) , but they did not examine for the independent contribution of testosterone.
Prospective observational studies have reported increased progression in atherosclerosis (18, 19) , and although reports from animal studies have been conflicting, in most of them testosterone supplementation led to a decrease in atherosclerotic plaque Table 4 Hazard ratios (HR) of low total and free testosterone for cause-specific mortality.
Events (n)
Low testosterone HR (95% CI) Low free testosterone HR (95% CI) a Reference is 9.7 nmol/l or greater for total testosterone, and 158 pmol/l or greater for free testosterone. b Adjusted for age, systolic blood pressure, HDL/cholesterol ratio, self-reported diabetes, current smoking, and waist/hip ratio. Figure 1 Number of deaths from all causes by decentiles of free testosterone.
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www.eje-online.org formation (20) . Although there are many unanswered questions regarding the mechanism by which testosterone may affect the process of atherosclerosis and risk of death, one proposed mechanism is that testosterone acts through modulation of classical cardiovascular risk factors, supported by findings of a favourable relationship with HDL-cholesterol (21), blood pressure and ventricular mass (22) , waist circumference (23), and HbA1c (24) . Furthermore, testosterone supplementation of hypogonadal men shifts cytokine balance towards less inflammation (25) , which plays a key pathophysiological role in plaque formation. However, associations with testosterone and atherosclerosis after multivariate adjustments for classical risk factors, as is reported, suggest an independent effect of testosterone, or alternatively, confounding by or mediation through factors not measured. The latter is hard to exclude in epidemiological studies, but confounding by or effect mediation through inflammatory markers or endothelial function, for instance, may be possible pathways not accounted for in many observational studies. Effects of testosterone supplementation on plaque formation, demonstrated in animal models, may be mediated through aromatization to E 2 (20) , but there is also evidence of a short-term vasorelaxing effect of testosterone, probably via non-genomic mechanisms (26) . In addition, there are reports from RCTs on improvement in cardiac ischemia in men with coronary disease with short-term testosterone supplementation, as measured by exercise stress testing (27, 28) . But still, although the literature on the impact of higher endogenous testosterone levels is promising in relation to risk factors, atherosclerosis and short-term beneficial effects on the vasculature, the association between low testosterone and CVD end points do not seem to be very strong, as very large cohorts are needed to find significant associations. One might suggest, in light of the prospective evidence available, that the variations in endogenous testosterone levels in men are not the most important modulator of the development of CVD.
Smoking is strongly associated with mortality and morbidity, and is also positively associated with testosterone levels in most large population-based studies (29) . Thus, in any study investigating mortality, smoking is an important confounder, and in our study even more so, due to the effect of smoking on testosterone levels. Smoking has also been associated with higher SHBG levels (29) . SHBG is the main carrier of testosterone, and w65-80% of the circulating total testosterone is inactive and tightly bound to SHBG. The biologically active fraction circulates either in the free form in the circulation or is loosely bound to albumin. As SHBG levels are reported to be higher in Figure 2 Multiadjusted HR by Cox proportional hazard regression for all-cause mortality by increasing decentile of free testosterone compared with the lowest decentile. smokers while bioavailable testosterone levels have been unaffected by smoking, English et al. (30) suggested in a case-control study of 50 men that the increase in total testosterone levels may have been secondary to the raised SHBG levels. However, smoking has also been shown to increase free testosterone, which should not be affected in the same way by SHBG levels. Furthermore, both total and free testosterone increases gradually with increasing number of cigarettes smoked daily, and could therefore possibly mask borderline hypogonadism. However, adjusting or not adjusting for smoking did not affect the outcome in the present study.
Besides being a large population-based study, the main strength with our study is the thorough ascertainment of end points, which is possible due to our national registry on mortality. However, there are also limitations to our study, of which several are partly due to the fact that the Tromsø Study was not set up to study effects of testosterone levels on mortality and morbidity. Blood samples were drawn between 0800 and 1600 h. They should preferably have been drawn in the morning, as there is a certain diurnal variation in testosterone levels. However, the diurnal variation is less pronounced as men age (31) , and our population had a mean age of 59 years. Blood samples were frozen for 7 years before they first were thawed for analysis in 2001. When stored frozen, levels of steroid hormones have been shown to be relatively stable for a period up to 10 years (32, 33) . Furthermore, a slight decrease in hormone levels would not be expected to alter the ordinal associations for the observed levels. The day-to-day variation in testosterone levels may be considerable, for which reason repeated tests are recommended for a diagnosis of hypogonadism. With one single blood sample, we did not account for the intraindividual day-to-day variation in our study. Nevertheless, those are all sources of potential nondifferential misclassification, tending to attenuate possible associations rather than to produce spurious effects of sex hormones on later mortality. And finally, as always in epidemiological studies, residual confounding by unknown factors can never be fully accounted for.
In conclusion, men with the lowest free testosterone levels had a 24% increased risk of death from all-cause mortality. In view of our sample size and other limitations, our findings are fairly consistent with previous prospective studies to date, and should further encourage larger testosterone supplementation trials for the definitive assessment of long-term health benefits.
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